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The three-body attachment reaction in 0 , e + 20" ' 0" + 0", is studied by electron beam techniques.
Whereas swarm experiments show a smooth variation of the attachment coefficient with energy, the present electron beam experiment shows pronounced structure. The peaks of this structure occur at the positions of the vibrational levels of the 0 system, which servo as compound states and have baen identified in a previous experiment. These compound states dominate the low-energy cross sections in 0". They can decay by autodetachment, thus accounting for the bulk of the vibrational cross sections in 0 at low energy; alternatively, they can be stabilized by a subsequent collision, thus le?ding to the formation of stable 0 . Thus we establish clearly that three-body attachment in 0 is a two-stage process and that the intermediate is a vibrationally existed state of 0 . We also obtain the temperature dependence of the three-body attachment at higher pressures. The experimental observations are in excellent agreement with the theory of Chapman and Herzenberg.
INTRODUCTION
The capture of free electrons by molecular oxygen leading to the formation of stable molecular negative ions is one of the more important processes leading to removal of thermal electrons from the upper atmosphere. Indeed, in certain atmospheric plasmas, this is the dominant electron removal mechanism, and a complete understanding of this mechanism is of interest.
The attachment of low-energy (0-1 eV) electrons to molecular oxygen has been the subject of intensive study over a period of forty years, and a wealth of experimental and theoretical data is available. However, it is only in recent years that an understanding of the attachment process has come about.
In the present experiments we study the electron attachment process at low electron energies (0-1 eV) over a wide range of target gas temperatures using monoenergetic electrons. By the use of a monoenergetic electron beam we are able to study details of the attachment process hitherto unobservable. The use of high target gas temperatures enables us to study the thermal effect on the attachment process. This latter consideration is of great importance, as molecular oxygen in the upper atmosphere is often at a high kinetic temoerature and may be in a state of vibrational excitation.
Previous data and proposed mechanisms for electron attachment are reviewed in Section II.
In Sections III and IV we discuss the apparatus and the acquisition of data. The experimental results are presented in section V together with a comparison of the latest theoretical work.
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II. SUMMARY OF PkEVIOUS WORK
It Is now well known that electron attachment to molecular oxygen at low incident electron energies leading to the formation of 0 is a three-body process, which proceeds in two stages.
In the first stage, the electron is captured by the molecule into a vibrationally excited temporary negative ion -* state, sometimes c-.lled a compound or resonant state; i.e., 0 9 + e *■ 0" This excited molecular ion may subsequently autoionize into a free electron and a neutral molecule which may be left in a vibrationally excited state -A 0"
•►O.-Cv) + e. Alternatively, the excess energy of the molecular ion may be removed in a collision with a third body, which in the case of pure oxygen In a recent theoretical treatment of three-body attachment in oxygen, Tn order to calculate the rate of formation of stable O2 , it is necessary to take the product of 3 terms; viz. 1) the rate cf formation of the excited negative ion states, 2) the probability that an ion will make a collision with a neutral particle before decaying, and 3) the probability that such a collision will be a stabilizing one. Herzenberg treats the collision of the ion and molecule as being one of the spiralling type first described by
Langevin. Herzenberg finds that the rate constant K can be written as ^ The background pressure and the density in the collision chamber are found to be directly related over a range of five orders of magnitude in the background 24 pressure, when slight corrections for multiple electron scattering in the collision chamber are made at the iilghest gas densities. The raLio of gas density in the collision chamber to that in the background is about 200.
The magnitude of Q ,, is determined by measuring the O2 current at low incident electron energy, and normalizing this signal against the 0 current produced from dissociative attachment in oxygen at 6.7 eV, using the samo target gas dtnsitv and electron beam current. The rate constant for O2 production peaks at :ihmit 0.1 eV, whereas the dissociative attachment cross section for production of 0 peaks at an incident electron energy of 6.7 eV 25 and has been measured in raanv independent experlinents to be 1.30 + 0.05
Since the rate of production of 0,, varies quadratically with target gas density and that for 0 varies linearly, the ratio of the two currents should vary linearly with density. Figure 2 shows a plot of the ratio of the negative ion current at 0.1 eV to negative ion current at 6.7 eV. The plot is seen to be linear over a wide range of target gas densities, indicating that the peak at 0.1 eV does vary quadratically with the gas density and is indeed Also plotted in Fig. 4 is the maximum theoretical rate constant for three-body 4 14 attachment calculated by Chapman and Herzenberg ' for a Gaussian electron energy distribution with a half-width of 110 mV. The experimental points have been normalized to the theoretical points at the second peak in the rate constant.
The maximum theoretica.1 rate constant is calculated from Eq.l by assuming that -A C (the probability that a collision between 0 ? and 0" will be a stabilizing v' , v' one) is unity and independent of energy. In the caiculations, F fT , the probability that an excited state v' of the ion will decay into a given state v of the molecule is obtained theoretically, and the resonance energies E are obtained from experimental data. The agreement between the theory and the V present experiment is seen to be particularly good at low energy; small deviations occur above about 0.6 eV. As pointed out to us by Ilerzenberg, this deviation could result from a variation of the coefficient f with energy. One would expect that at higher incident energies 'corresponding to the excitation of high levels of the 0" system), stabilization Is more difficult because the 0^ system may still end up in an autoionizing state, and only particularly favorable Here we have normalized our data to those of Pack and Phelps at the first peak. Figure 5 shows that although the electron energy spread in the swarm experiments Is too large to resolve any structure, the swarm data do follow very closely the envelope of the present data. The swarm data are higher at higher energy, compared to the electron beam data because the electron energy distributions in the two types of experiment differ considerably. In a swarm experiment the electron energy spread is approximately equal to half the mean electron energy.
The absolute value of the rate constant Is calculated from the data of Fig. 4 combined with Fig. 3 , the cross section for 0 /O2 production at 6.7 eV being known. The absolute rate constant at the peak which occurs at about 0.09 eV is found to be (5.6 + 1. The agreement between the experimental and theoretical value indicates that for at least the low vibrational levols of 0" , ^ the probability that a collision will be a stabilizing one, is indeed very close to unity. To obtain better agreement between theory and experiment at the higher energies would entail very much more complicated calculations.
VI. TEMPERATURE DEPENDENCE
For measurements of the rate constant at high gas temperatures, the collision chamber is heated by passing a direct current through it. For a fixed rate of gas flow through the system, the density in the collision -1/2 chamber falls as T .
For a fixed electron current, the flow rate of the gas is increased until the 0 current at 6.7 eV is the same as that produced at room temperature. This insures that the gas density in the collision region remains constant as the gas temperature is increased. The cross section for 0 /O2 production at 6.7 eV is known to be essentially independent of gas 20 28 temperature ' in the range 300-1000 o K. Figure 5 shows a comparison of the present data and those of swarm experiments ' at room temperature and at 500 o K. Although the swarm data fits the envelope of the present data very well at both temperatures, a larger temperature dependence of the first peak is indicated by the swarm experiments than in the present data. As mentioned earlier, the measured shape of the rate constant is a convolution of the electron energy spread with a set of narrow spikes, whose spacing is equal to the vibrational spacings of the negative ion system. Consequently, the peak height of the measured signal will be critically dependent on the electron 29 energy spread. 
VII. HIGH PRESSURE MEASUREMENTS
IS -3 At target gas densities greater than about 10^ cm , a large broad peak centered at about 0.6 eV incident electron energy is seen to appear on the effective cross section for Oj production. This broad peak, illustrated in Fig. 8 increases at a rate greater than the square of the gas density and has 31 previously been observed by Schulz in 1961 in a total ion collection apparatus, 32 and by Compton in an apparatus with mass analysis. The latter study definitely identifies the ion involved as being Oo . Such a peak is not observed in swarm experiments even at 100 times higher gas densities. Measurements of the ratio of the magnitude of the broad peak at 0.6 eV to the magnitude of the peak at about 0.1 eV exhibit a linear pressure dependence, as shown in Fig. 9 . Since 2 we have previously shown that the peak at 0.1 eV varies as N , Fig. 9 indicates 3 that the peak at 0.6 eV varies as N . Measurements show that the ratio (peak 0.6 eV/peak 0.1 eV) is independent of the incident electron current.
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(1) Oxygen at room temperature is able to form dimers, i.e., (K + O2 -♦■ O4.
The rate constant of such a process is of course dependent on N . It is possible that an oxygen dimer so formed would undo; go dissociative attachment by electron impact, leaving the molecular i.on vibratlonally excited, i.e., 0/ + e -> O2 + O2 . This excited molecular ion could then be stabilized by a collision with another 0 9 molecule. Combinations of the two above processes 3 would yield an 0 9 signal which varies as N consistent with our observations. However, such a process, if it exists, should be observ u in swarm experiments, which is not the case. The binding energy of 0, is /cry 3mnll and if the observed peak at 0.6 eV were due to the above pi "»■.■ ib.s, it would disappear on heating the gas by a few hundred degrees by lemoving any 0^. It is found, however, that the magnitude of the C^ peak eV does not strongly depend on the gas temperature. TM; fact seems to rule out dimers as a cause for the 0.6 eV peak.
(2) if the incident electrons lose most of their energy in an inelastic collision with the target gas, they will then be able to participate in the usual three-body attachment process at low electron energy.
Such a process can occur when the gas density is high enough to cause multiple scattering of the electrons and the 0" current produced will then vary as N . produced by electrons which have suffered this energy loss mechanism is shown in Fig. 8 by the dashed curve. This figure shows that the process described above predicts very well the observed shape of the effective 0 9 cross section at high densities, and satisfies the required pressure dependence.
The process which we invoke for the explanation of the 0.6 eV peak in 33 Fig. 8 is entirely analogous to the process described by Chantry to explain the peaks which occur in the dissociative attachment cross section in molecular oxygen 2 at 15 eV. In dissociative attachment the observed signal is proportional to N 3 whereas in our case it is proportional to N .
The above mechanism does not produce a peak at 0.6 eV in swarm experiments. In an electron beam experiment the electrons in the collision chamber are not subject to any accelerating electric field along their path. Consequently, once an electron has lost energy in an inelastic collision, it may fall into an energy range where three-body attachment is at its peak. In a swarm experiment the electrons are subject to a uniform accelerating field and thus continually gain energy from the field and lose energy in inelastic collision. After the first few hundred collisions the electron energy distribution is independent of position. plotted as a function of target gas density N. The linear plot shows that the 2 0" signal is dependent upon N . All measurements of the rate constant K were made at a target gas density on the linear part of this plot. energies, show that the rate constant is less dependent on target gas temperature at higher incident electron energy.
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